• Escape of suprathermal atoms from Mars' atmosphere with increasing EUV flux is studied
Introduction
Throughout their evolution, planetary atmospheres are strongly influenced by the radiation and particle emissions from their host star. Different studies have shown that the Sun's radiation in the extreme ultraviolet (EUV) part of the solar spectrum was higher in the past [Ribas et al., 2005; Tu et al., 2015] , and thus, the planetary atmospheres are exposed to varying external conditions. Tu et al. [2015] have shown that the star's initial rotation rate and its rotational evolution play an important role for the EUV flux enhancement and the evolution of the atmospheres of terrestrial planets.
The time scales of different epochs in the martian history depend on the evolution of the solar EUV flux [e.g. Tu et al., 2015] . As shown by Tian et al. [2009] for EUV fluxes higher than about 20 times that of today's Sun, Mars' CO 2 atmosphere will experience high thermal loss rates, such that one cannot expect the buildup of a dense atmosphere [Lammer et al., 2013; Erkaev et al., 2014] . Because of the high EUV flux (≥ 20 EUV) the surface mineralogy by Mars rovers indicate also the local presence of minerals such as clay/phyllosilicates, clathrates, opalia silica, sulphates, and chlorides, which require liquid water for their formation [e.g. Gendrin et al., 2005; Bibring et al., 2006; Osterloo et al., 2008; Squyres et al., 2008] . From these observations it is clear that the environmental conditions on early Mars varied substantially throughout the Noachian and Hesperian era.
However, it is unknown if the conditions suitable for liquid water were stable on longer timescales, or if they were the consequences of episodic, possibly catastrophic events. Recent sophisticated 3D global climate simulations of the early martian atmosphere suggest that the annual mean temperature could not have reached values above 0
• C anywhere on the planet by a CO 2 atmosphere and that the conditions do not allow long-term liquid water on the surface [Forget et al., 2013; Wordsworth et al., 2013] . The models predict a collapse of the atmosphere into permanent CO 2 ice caps for pressures higher than 3 bar, or, if the obliquity is low enough, for pressure values less than 1.0 bar. These model results indicate a cold early Mars, where nonclimate processes have to be responsible for liquid water. Other studies included greenhouse effects by gases such as CH 4 and SO 2 [Johnson et al., 2008; Halevy and Head , 2014] . These gases are also unable to rise the surface temperature because CH 4 causes stratospheric warming at the expense of surface warming [Ramirez et al., 2014] and SO 2 forms sulfate aerosols which act as coolers for the climate, too [Tian et al., 2010; Kerber et al., 2015] . The latest hypothesis on the martian climate is related to global cirrus cloud decks in a CO 2 -H 2 O atmosphere with at least 250 mbar of CO 2 , which might have been able to keep Mars warm [Urata and Toon, 2013] . Recently, Ramirez and Kasting [2016] showed that this process works only
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for special cloud properties and if cirrus clouds cover about 75 − 100 % of the planet.
Therefore, these authors conclude that it is most likely that the cirrus cloud hypothesis does not provide the necessary warming, which indicates the need for other greenhouse mechanisms.
In the early pre-Noachian epoch after the solidification of an early martian magma ocean, as it was shown by Erkaev et al. [2014] by Lee et al. [2015] . In the present work, we extend the study of Zhao and Tian [2015] by including more source reactions for hot oxygen and by including hot carbon, since both species are connected to the loss of CO 2 throughout the martian evolution. We also discuss thermal loss in the very early times of Mars and several volcanic outgassing scenarios, which represent a CO 2 input to the atmosphere. With this study we want to address the following questions:
• How does the importance of different production reactions of hot O and hot C vary with a higher EUV flux?
• How much CO 2 can approximately be lost through suprathermal atoms since the Noachian era?
• How does loss through suprathermal atoms influence the evolution of the martian surface pressure?
In Section 2 we describe the Monte-Carlo model, the atmospheric input parameters and the production reactions used to study the escape of hot O and C from the atmosphere of For a specific reaction, we determine the corresponding velocity distribution for the reaction products at discrete altitudes. We follow these products along their 3-dimensional path through the thermosphere up to the exobase in the gravitational field of Mars. On their way, the hot particles interact with the background neutral atmosphere via collisions and lose on average part of their initial energy, whereas background particles gain energy through such collisions and may thus become hot. We adopt the following strategy for considering new secondary hot particles: Denoting the energy of the background particle before and after the collision by E and E , respectively, a new secondary hot particle is created if E < 1.5 E therm and E > 1.5 E therm (with E therm being the thermal energy).
When E > 1.5 E therm , the particle is only considered as hot if E > 1.5 E. The factor 1.5 is a compromise between taking the relevant particles with high enough energies and simulation time. However, the factor is chosen such that the error, when excluding some newly produced secondary hot particles, is not significant, since those particles do not have high enough energies to be able to escape. In fact, for EUV levels of 1 to 3 times the present solar EUV flux, we could even increase the factor and we would still be an order of magnitude below the relevant escape energy at the exobase.
The collision probability and the energy transfer is calculated by means of total and differential cross sections. At the exobase altitude, the energy distribution function of the suprathermal particles is determined, which in turn serves as input for the exosphere [2010, 2012, 2014] . 
Input profiles

EUV flux
To what times in the past do such solar EUV levels correspond? As pointed out by Johnstone et al. [2015] , it is quite common to use the scaling laws of Ribas et al. [2005] to estimate the evolution of the Sun's radiation in EUV. However, the radiation of a star depends, apart from other things, on its rotational evolution [Johnstone et al., 2015; Tu et al., 2015] . About 70% of the solar mass stars examined by Johnstone et al. [2015] are slow rotators, whereas there is a non-negligible possibility for the Sun to have been a fast rotator, giving a completely different rotational, and thus radiation, evolution. The EUV flux evolution model of Tu et al. [2015] takes into account a broad observational sample of stars in clusters with ages from 30 Myr to 620 Myr. High energy radiation of a star decreases over time as a result of rotational spin-down. Due to the high amount of observed stars, the Tu-model can set the EUV evolution in correlation to the initial rotation rate of a star, in contrast to the Ribas-model due to its limited sample of stars.
Since the Tu-model covers much wider evolution scenarios for stars, it is used in the present work for estimating the rotational evolution of the Sun. We thus consider three cases, slow, moderate, and fast rotators, to determine the times in the past, corresponding
to each EUV level case, as shown in Table 1 . Figure 3 illustrates the radiation evolution Mars atmosphere was studied. Table 2 summarizes the production reactions and their corresponding rate coefficients for the production of hot O and hot C considered in this study. In addition, we also include photodissociation (PD) of CO as sources for hot oxygen and hot carbon. Although some of these reactions are of little importance for present day Mars, they turn out to be important in earlier times due to the larger EUV flux.
For dissociative recombination, the rate coefficient reads
where T e is the electron temperature in Kelvin. For the chemical reaction O + 2 + C → CO + + O, the rate coefficient is assumed to be constant and does not depend on the neutral temperature. The values used for α and β are listed in Table 2 . As in Gröller et al. [2014] we took a branching ratio of 4% for the reaction CO + 2 + e → O 2 + C, which is the maximum branching ratio as given by Viggiano et al. [2005] and gives the maximum contribution for the production of hot C from this source reaction.
For photodissociation, the solar flux is taken from SUMER/SOHO observations [Curdt et al., 2001 [Curdt et al., , 2004 . We have chosen observations from April 20, 1997, for quiet Sun conditions. Details about the instrument, its detectors, the observed solar spectrum, its calibration and the spectrum itself can be found in Curdt et al. [2001] and Curdt et al.
[ 2004] . We converted the data to the units of photons cm −2 s −1 A −1 and transferred them to the orbit of Mars by dividing the photon flux by the square of the Sun-Mars distance in AU. The Chapman function for an isothermal atmosphere is used to adopt the solar flux to the considered solar zenith angle. We assume the input profiles to represent average dayside conditions and thus the solar zenith angle is taken to be 60
• . The altitude dependent production rate P (r) for photodissociation of a neutral molecule is calculated by
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where n s (r) is the altitude dependent density of the neutral species, F (r, λ) the solar flux for a given wavelength λ at the altitude r, and σ PD s (λ) the photodissociation cross section for the neutral at wavelength λ. The photodissociation and absorption cross sections are taken from Huebner et al. [1992] , who provide the data in the Photo Rate Coefficient
Database.
The production rates of hot O and hot C are shown in The kinetic energy attained by the hot atom via a DR source reaction is randomly chosen from the energy distribution of this reaction. The energy distribution is obtained from the total kinetic energy in the center of mass frame, which is given by E tot = E cm + E br + E v + E r . E cm is the energy according to the relative velocity of the ion and the electron in the center of mass frame, and E br is the released energy corresponding to the reaction channel. E v and E r are the vibrational and rotational energies, respectively. We assume all molecules and atoms to be in vibrational and rotational ground states. E tot is then We are not aware of cross sections for collisions between hot carbon atoms and thermal atoms or molecules of our background atmosphere. Hence, we employed the total and differential cross sections as given for hot oxygen atoms.
Since the simulated particles can reach energies of up to 10 eV, the total cross sections are extrapolated up to this value. In this study, we are only interested in the production and escape of hot atoms and not on their energy deposition into the background atmosphere. This means we do not consider any energy or momentum transfer to the background atmosphere. Therefore, any possible modification of the background atmosphere by the hot particles is neglected. However, a future study will focus on this process and its importance with changing EUV fluxes.
Results
Loss rates of suprathermal atoms
From the energy distribution functions at the exobase altitudes we determine the loss rates of hot oxygen and hot carbon. km, 380 km, 750 km, and 5400 km for the 1, 3, 10, and 20 EUV case, respectively. Figure   5 shows the loss rates of hot O (top) and hot C (bottom) as a function of the EUV flux.
All reactions, apart from DR of CO + and PD of CO, decrease for a higher EUV flux than 10 times the present level. Such a behavior has also been reported by Zhao and Tian Basically, we have two competing mechanisms that seemingly have an influence on the importance of the production reaction for the loss of hot atoms. First, the production rates tend to increase with increasing EUV level, due to an increase in density of the involved species for the DR reactions and due to the rising EUV flux for the PD reactions. Second, due to the expansion of the atmosphere with higher EUV fluxes, there is a still significant expanded atmospheric layer above the main production zone, resulting in more collisions, and thus in increased energy loss of the hot particles on their way to the more distant exobase. We see in Figure 4 that the production rates of PD of CO and DR of CO + for the 20 EUV case dominate above about 600 km, where the production rate of DR of CO + becomes larger than the one due to DR of O + 2 . Above this altitude, still a significant amount of primary hot particles is produced. The densities of the neutral background species, however, decrease with increasing altitude and correspondingly, collisions become lesser and lesser. Thus, most of these produced primary hot particles are able to reach the exobase at around 5400 km with energies larger than the escape energy. In these cases, the first mechanism (increase of production rate) dominates over the second one (expansion of atmosphere and thus more collisions). For all the other production reactions, the second
mechanism is stronger than the first one, and the loss rates start to decrease when the EUV flux gets higher than 10 times the present level.
The importance of the different reactions regarding the loss rate for hot O and hot C is illustrated in Figure 6 . While DR of O which is the most important reaction for 1, 3 and 10 EUV, and from PD of CO, which is the most important reaction in the 20 EUV case. Figure 7b displays the EDFs for hot C originating from PD of CO, which dominates all EUV cases. The cut-off energy at low energies is the energy corresponding to our stop condition for tracing hot particles, i.e.
1.5 E therm , which of course is different for the different EUV cases. The cut-off energies are all well below the corresponding escape energies, which are about 2 eV for the 1 and 3 EUV cases, about 1.7 eV for the 10 EUV case, and about 0.7 eV for the 20 EUV case. Table 3 summarizes the loss rates for hot oxygen and hot carbon for the reactions considered in this study. Especially the loss rate of hot C due to PD of CO in the 1 EUV case is higher than the loss rates of previous studies, e.g. 
Loss of atmospheric CO 2 pressure through suprathermal atoms
To get the total loss of hot O and hot C and the corresponding amount of atmospheric pressure over approximately the last 4 Gyr, we integrate the interpolated loss rates over time. Interpolation is done linearly between the times corresponding to the considered EUV fluxes. For the loss of CO 2 , the loss of C is an important factor, since C (suprathermal or not) is definitely produced primarily from CO 2 , whereas O can also originate from dissociation of H 2 O. Thus, the loss of C is a direct indication of the loss of CO 2 . For the calculation of the lost CO 2 , we assume that for one escaping C atom, we have two escaping O atoms. Table 4 shows the loss of atmosphere pressure, i.e. loss of CO 2 , from different times in the past until today for the three different rotator cases.
From Table 3 shows the surface pressure evolution (magenta curves) resulting from thermal (grey curve) and suprathermal (blue curve) CO 2 escape and assuming different magma ocean related outgassed CO 2 amounts between 13 and 14 bar (we discuss in the next paragraph, why these specific values are taken). The radiation evolution of the Sun corresponds to a slow rotator for this figure. The thermal loss rates are taken from the study of Tian et al.
[ 2009] . For this figure, we take an initial CO 2 amount (13.5, 13.7, 13.8, and 14 bar) and subtract the lost CO 2 pressure due to thermal and suprathermal loss processes. In the beginning of Mars' atmospheric evolution, thermal loss is much higher than suprathermal loss. The initially outgassed CO 2 atmosphere is significantly reduced due to thermal loss processes. However, the magma ocean related outgassed CO 2 atmosphere would have Table 3 . Thus, in the late Noachian era (about 0.6−0.8 Gyr after Mars' formation), the loss of suprathermal atoms takes over (Figure 8 ). An initially 14 bar CO 2 atmosphere, which is lessened due We see that the larger T b , the earlier the outgassing starts. Figure 10 represents the CO 2 presssure evolution due to different volcanic outgassing cases and escape to space (top: moderate rotator; bottom: slow rotator; the evolution of the fast and moderate rotator do not differ much for the EUV fluxes considered here, thus we only compare two cases).
Due to the high thermal loss rates (gray curves), the outgassed CO 2 amount before 0.6 (slow rotator) and 0.94 (moderate rotator) Gyr after Mars' formation cannot accumulate in the atmosphere, but is lost to space. Thus, the accumulation of outgassed CO 2 pressure starts when the thermal loss has ceased. Everything that is outgassed from then on, will be reduced due to loss through suprathermal atoms (blue curves). If too much gets outgassed at the end of the Noachian or beginning of the Hesperian era (case 1 for moderate rotator, case 3 for slow rotator), it cannot be lost through suprathermal atoms. If too less gets outgassed (case 2 for moderate rotator, case 4 for slow rotator), then all of the outgassed CO 2 can be lost by suprathermal loss. If about 250 mbar of atmospheric CO 2 pressure were in the martian atmosphere at around 1 Gyr after Mars formed for a slow rotator (case 3), then there would be approximately 100 mbar in today's atmosphere -if there had been escape only through suprathermal atoms, which was certainly not the case. For a moderate rotator, the atmospheric pressure at about 1.5 Gyr after Mars' formation can be larger, since more is lost due to higher loss rates at these times, corresponding to different EUV flux levels. Our results show a higher atmospheric pressure in the past than the value given by Gillmann et al. [2011] , who predict about 50 mbar about 4 Gyr ago.
One reason for this difference is that our loss rate due to suprathermal atoms is higher than their loss rate, which was extrapolated to the past assuming the EUV flux evolution
of Ribas et al. [2005] . In agreement with Gillmann et al. Nonetheless, even if we assume that the early Sun was a slow rotator and Mars experienced a hotter and wetter period during the pre-Noachian era, after the main loss of its initial CO 2 inventory, loss due to hot atoms most likely eroded not more than about 150 mbar during the past 3.7 Gyr. In a follow-up study, we will investigate the solar present in the martian atmosphere at the end of the Noachian epoch was probably not more than about 500 mbar.
Summary and conclusions
We conducted Considering different possible radiation evolution models for the Sun, i.e. the slow, moderate, and fast rotator, we can relate the different EUV levels to different times in the past of the martian history. Taking these points in time, we integrated the loss rates and estimated the lost atmospheric CO 2 pressure due to hot atoms. For this estimation we assumed a 2:1 relation for lost hot O to lost hot C. Depending on the radiation evolution of the Sun, we find that atmospheric pressures ranging from approximately 200 to 400 mbar were able to escape to space during the last 4 Gyr (Table 4 ). There are good reasons to believe that the Earth could not have kept its nitrogen atmosphere if the early Sun was a moderate or fast rotator, as discussed in Section 4. Therefore, assuming that the Sun has been a slow rotator, our results indicate that Mars could not have had a significant CO 2 atmosphere at the end of the Noachian epoch. If the atmosphere was denser, it could not have been lost through non-thermal loss and surface weathering processes until today.
In the pre-Noachian era, however, Mars could have had a magma ocean related outgassed CO 2 atmosphere of a few bar for about 300 Myr. Table 4 . Loss of atmospheric CO 2 pressure due to hot atoms for different times in the past until today for a slow, moderate and fast rotator. The slanted values for the moderate and fast rotator cases beyond 3.9 and 3.7 Gyr ago, respectively, are for EUV fluxes larger than 20 times the present solar flux. These values were linearly extrapolated, since we do not have input data for simulations. As discussed in the text, extrapolation of loss rates into past times is a rather insecure method, and hence, these extrapolated values have to be taken with care. The Noachian era is from 4.1 to 3.7 Gyr ago, and the Hesperian era from 3.7 to 2.0 Gyr ago.
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